Summary: Lymphodepletion before adoptive cell transfer (ACT)-based immunotherapies can enhance anti-tumor responses by augmenting innate immunity, by increasing access to homeostatic cytokines, and by depressing the numbers of regulatory T cells and myeloid-derived suppressor cells. Although it is clear that high-dose total body irradiation given together with hematopoietic stem cell (HSC) transplantation effectively enhances ACT, the relationship between the intensity of lymphodepletion and tumor treatment efficacy has not been systematically studied. Using the pmel-1 mouse model of self/tumor-reactive CD8 + T cells, we observed a strong correlation between the intensity of the conditioning regimen and the efficacy of ACT-based treatments using linear regression analysis. This was the case for preparative total body irradiation administered either as a single dose (R 2 =0.97, P<0.001) or in fractionated doses (R 2 =0.94, P<0.001). Increased amounts of preparative total body irradiation were directly correlated with progressively more favorable ratios of transferred tumor-reactive CD8 + T cells toward endogenous cells with the potential for inhibitory activity including: CD4 + cells (potentially T regulatory cells); Gr1 + cells (which are capable of functioning as myeloidderived suppressor cells); and endogenous CD8 + and natural killer 1.1 + cells (that can act as ''sinks'' for homeostatic cytokines in the postablative setting). With increasing ablation, we also observed elevated lipopolysaccharide levels in the sera and heightened levels of systemic inflammatory cytokines. Thus, increased intensity lymphodepletion triggers enhanced tumor treatment efficacy and the benefits of high-dose total body irradiation must be titrated against its risks.
Summary: Lymphodepletion before adoptive cell transfer (ACT)-based immunotherapies can enhance anti-tumor responses by augmenting innate immunity, by increasing access to homeostatic cytokines, and by depressing the numbers of regulatory T cells and myeloid-derived suppressor cells. Although it is clear that high-dose total body irradiation given together with hematopoietic stem cell (HSC) transplantation effectively enhances ACT, the relationship between the intensity of lymphodepletion and tumor treatment efficacy has not been systematically studied. Using the pmel-1 mouse model of self/tumor-reactive CD8 + T cells, we observed a strong correlation between the intensity of the conditioning regimen and the efficacy of ACT-based treatments using linear regression analysis. This was the case for preparative total body irradiation administered either as a single dose (R 2 =0.97, P<0.001) or in fractionated doses (R 2 =0.94, P<0.001). Increased amounts of preparative total body irradiation were directly correlated with progressively more favorable ratios of transferred tumor-reactive CD8 + T cells toward endogenous cells with the potential for inhibitory activity including: CD4 + cells (potentially T regulatory cells); Gr1 + cells (which are capable of functioning as myeloidderived suppressor cells); and endogenous CD8 + and natural killer 1.1 + cells (that can act as ''sinks'' for homeostatic cytokines in the postablative setting). With increasing ablation, we also observed elevated lipopolysaccharide levels in the sera and heightened levels of systemic inflammatory cytokines. Thus, increased intensity lymphodepletion triggers enhanced tumor treatment efficacy and the benefits of high-dose total body irradiation must be titrated against its risks. L ymphodepleting conditioning regimens using high-dose total body irradiation (HD-TBI) and hematopoietic stem cell (HSC) transplantation before adoptive cell transfer (ACT) of tumor-specific T cells can be highly effective in mice and in humans.
1-3 HD-TBI works by augmenting innate immunity, 4, 5 by increasing access to homeostatic cytokines, 6 and by depressing the numbers of regulatory T cells, [7] [8] [9] and myeloid-derived suppressor cells. [10] [11] [12] However, the administration of HD-TBI can carry considerable short-term and long-term toxicities including prolonged neutropenia with its associated risk for infection, renal insufficiency, interstitial pneumonitis, veno-occlusive disease of the liver, infertility, secondary solid tumor and hematologic malignancies, and other complications. [13] [14] [15] [16] These toxicities have motivated major efforts in the allogeneic transplant field to develop reducedintensity conditioning (RIC) regimens. 17, 18 RIC regimens have successfully achieved durable engraftment of donor stem cells and tolerable toxicities. 17 Thus, we wanted to evaluate if we can achieve effective tumor treatment efficacy in the setting of autologous ACT using RIC rather than HD-TBI.
The effects of increased intensity lymphodepleting regimens on the tumor treatment efficacy of adoptively transferred T cells in the setting of solid tumors have not been systematically studied. Most preclinical models have used preparative total body irradiation (TBI) given at a single nonmyeloablating dose (B5 Gy), 4, 6, 19 and some studies have used higher doses of preparative TBI (B9 Gy) given together with syngeneic BMT. 1, 15, 20 However, these previous experiments have not systematically addressed the impact of preparative TBI given at various doses and fractionation schemes. We sought to evaluate the relationship between the intensity of the lymphodepleting regimen and the effectiveness of ACT-based immunotherapy. We used the pmel-1 T cell receptor transgenic mouse model, which recognizes the mouse homolog of human gp100, 21, 22 to study the impact of increasing doses of singledose or multiply-fractionated TBI followed by syngeneic adoptively transferred tumor-reactive CD8 + T cells. The goal of this study was to elucidate the optimal lymphodepleting conditioning regimen to reach the maximal tumor treatment capacity of adoptively transferred T cellsspecifically to measure if the preparative dose reached a plateau after which point increasing doses of irradiation were not optimal or even were detrimental to the tumor treatment efficacy.
MATERIALS AND METHODS

Mice and Tumor Lines
All mice used in these experiments were bred and housed at NIH facilities. Female pmel-1 T cell receptor -Tg mice were generated in our laboratory 22 In Vitro Activation of pmel-1 CD8 + T Cells
Pmel-1 splenocytes were isolated as described previously 24 and cultured in the presence of the K b -restricted epitope of 1 mM hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] 21 and complete medium containing 30 IU/mL of recombinant human (rh) interleukin (IL)-2 (Chiron). 25 Cells were used for adoptive transfer 6 to 7 days after the start of the culture.
ACT and Administration of TBI
Mice 6 to 12 weeks of age (n=5-6 for all groups) were injected subcutaneously with 2 to 5 Â 10 5 B16-F10 melanoma cells and treated for 10 to 14 days later with in vitroactivated pmel-1 CD8 + T cells. Lymphopenia was induced using TBI delivered using a cesium-137 source. The photon energy of decay is 662 keV which was delivered at a rate of 72.38 cGy/min. Mice received 5, 9, 10.5 or 12 Gy single-dose TBI delivered 1-day before pmel-1 CD8 + T cell transfer. Fractionated irradiation was given at total doses of 12, 15, 18, 21 or 24 Gy fractionated TBI that was equally divided into 6 doses given twice daily using a schedule that was similar to that described in our recent clinical trial using 12 Gy TBI. 2 The last dose was given 1-day before pmel-1 CD8 + T cell transfer. All animals also received a transplantation of 10 5 lin À /c-kit + syngeneic HSCs. The maximal tolerated dose for single-dose irradiation was 12 Gy; the amount could be increased up to 24 Gy for the fractionated dose. Exceeding these doses resulted in the need for euthanasia of animals within 6 days (Supplementary Figure S1 , Supplemental Digital Content 1, http://links.lww.com/JIT/A14). Animals were euthanized when they exhibited evidence of distress including poor grooming or weight loss.
The rh IL-2 (36 mg/dose; Chiron) or 600,000 IU/dose was administered by intraperitoneal injection twice daily for a total of 6 doses. Tumors were measured using calipers, and the products of the perpendicular diameters were recorded. 26 All experiments were performed in a blinded, randomized fashion and performed independently at least twice, with similar results.
HSC Transplantation
HSCs were extracted from the bone marrow by lineage depletion with streptavidin-coated magnetic beads (Dynabeads M-280 Streptavidin; Dynal Biotech) against biotinlabeled antibodies (gd T cell receptor, ab T cell receptor, CD4, CD8a, NK1.1, Gr-1, B220, Ter-119, CD2, and CD11b) (BD Biosciences) followed by a c-kit enrichment with CD117 MicroBeads (Miltenyi Biotec) and cultured for 18 h in 10% Dulbecco modified Eagle medium with 50 ng recombinant mouse IL-3 (rmIL-3), 500 ng rmIL-6, and 500 ng rmSCF (PeproTech).
Statistics
Wilcoxon Rank Sum Test was used for comparisons between groups of experimental mice. P values less than 0.05 were considered significant. R 2 values for linear regression analyses were determined using the least squares method.
Flow Cytometry
All antibodies were purchased from BD Bioscience (San Jose, CA). The H2-D b -mgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] tetramer was purchased from Beckman Coulter (Fullerton, CA). FACSCalibur flow cytometer and CellQuest software were used to analyze the samples.
Enumeration of Cells In Vivo
At indicated time points, spleens were resected, and adoptively transferred CD8 + Thy1. 
Detection of Serum LPS
A limulus amebocyte lysate assay (QCL-1000; Cambrex) was used to analyze serum lipopolysaccharide (LPS) 6 days after ACT. Conversion into picograms per millimeter was performed using a standard curve.
RESULTS
Increased Intensity of Single-dose or Fractionated TBI Augments Adoptive T Cell Therapy
To evaluate the optimal dose of irradiation before ACT, we administered irradiation as either single-dose or fractionated doses. The single-dose irradiation was given immediately before T cell transfer whereas fractionated doses were given twice daily over 3 days using a regimen similar to that described in our recent clinical trial using 12 Gy TBI. 2 All animals also received a transplantation of 10 5 lin À /c-kit + syngeneic HSCs. We observed a progressive improvement of tumor treatment dependent on the intensity of TBI up to the highest tolerated dose in the fractionated setting (Fig. 1A) . High dose irradiation had some impact on the tumor-growth rate even in the absence of ACT. It is likely that some of the tumor treatment effect seen in maximally irradiated animals is occurring through direct impact of irradiation on tumor growth. Using a single-dose regimen of TBI, we reached a plateau at the myeloablating dose of 9 Gy with no statistically significant increase when 12 Gy was given [12 Gy vs. 18 Gy (P>0.05)], whereas we did not see a plateau using fractionated TBI: 0 Gy versus 12 Gy (P=0.006); 12 Gy versus 24 Gy (P=0.01); and 18 Gy versus 24 Gy (P=0.02). Thus, increase preparative doses of fractionated TBI increased the tumor treatment efficacy.
Linear Regression Analysis of Tumor Treatment Efficacy Versus the Amount of Preparative TBI
Another way of directly correlating the tumor treatment efficacy versus the amount of preparative TBI given was using linear regression analysis. To accomplish this, we calculated the tumor growth rate for each mouse using linear regression of the tumor measurements using the least squares method. Tumor growth slopes (mm 2 /d) of treated individual mice were plotted against the dose of irradiation used before ACT. We then performed a linear regression on that data. We found a strong correlation for single-dose (left panel, R 2 =0.97, P<0.001) and fractionated ablation (right panel, R 2 =0.94, P<0.001) (Fig. 2) . The results indicated that administration of HD-TBI was needed to reach optimal tumor treatment with syngeneic tumor-reactive CD8 + T cells.
Impact of Ablation on Endogenous Host Cells
We next studied the impact of the dose of preparative TBI on key populations of endogenous host cells including NK cells, CD4 + T cells and myeloid suppressor cells, which have been found to consume homeostatic cytokines and hamper the tumor treatment efficacy of adoptively transferred CD8 + T cells. [6] [7] [8] [9] [10] 12, [27] [28] [29] We ablated animals with either single-dose or fractionated irradiation followed by a HSC and T cell transfer and administration of IL-2. We found that relatively low doses of irradiation (5 Gy, single-dose and 12 Gy, fractionated) depleted the majorities of endogenous cells (Fig. 3) . Fractions of host immune cell subsets were determined cytoflourometrically and multiplied by the absolute number of splenocytes. These values were then plotted as a percent of the number of cells with each marker compared with mice receiving no TBI regimen . Linear regression analysis of tumor treatment efficacy versus the amount of preparative TBI. Experiments were analyzed using linear regression analyses to study the relationship of radiation dose with tumor response. To perform the regression analysis, the tumor growth rates (mm 2 /d) were calculated then plotted against the amount of single-dose TBI administered or as the summed dose of fractionated TBI. Tumor response was elicited by using 1 million effector pmel-1 CD8 + T cells transferred together with human recombinant interleukin-2 in tumor-bearing C57BL/6 mice which were either irradiated with (A) single-dose irradiation directly at the day of transfer or (B) fractionated doses divided equally over 6 doses given twice daily up to the amount indicated in the legend as described in Fig. 1 . All animals received a syngeneic hematopoietic stem cell transplant. Data are derived from 2 independently performed experiments. R 2 values for linear regression of data sets in single-dose and fractionated radiation are shown. TBI indicates total body irradiation. Increased amounts of preparative TBI were directly correlated with progressively more favorable ratios of transferred tumor-reactive CD8 + T cells toward endogenous cells with the potential for inhibitory activity including: CD4 + cells (potentially T regulatory cells); Gr1 + cells (which are capable of functioning as myeloid-derived suppressor cells); and endogenous CD8 + and NK1.1 + cells (that can act as ''sinks'' for homeostatic cytokines in the post-ablative setting). We sought to quantify the correlation between increasing doses of TBI to the ratios of adoptively transferred Thy1.1 + effector pmel-1 CD8 + T cells to returning host cells 6 days after ACT (Fig. 4) . The ratio of transferred tumor-reactive T cells toward endogenous host cells, especially CD8 + T cells, CD4 + T cells, myeloid suppressor cells, and natural killer cells is of critical importance for the tumor treatment efficacy of transferred T cells. We found that the ratio of transferred pmel-1 + Thy1.1 + T cells toward endogenous host cells strongly correlated with the degree of ablation (Fig. 4) . This result was also observed at day 14 post transfer (data not shown).
Serum LPS and Inflammatory Cytokines Increase With Increasing TBI
We sought to determine if higher doses of TBI resulted in higher levels of systemic inflammatory cytokines or in increased LPS levels in the sera of irradiated mice. We have previously found that the translocation of commensal gut microflora after HD-TBI is an important mechanism by which TBI augments ACT. 4, 5 One million effector pmel-1 T cells were adoptively transferred along with IL-2 in animals that were either irradiated with a single dose of TBI as indicated directly at the day of transfer (Fig. 5A ) or irradiated in 6 equal fractionated doses of TBI given twice daily up to the amount shown. Six days after irradiation sera of 3 mice were collected and individually tested for the presence of microbial LPS or sera were pooled and analyzed for inflammatory cytokines, chemokines and LPS. Preparative TBI led to increased levels of IL-6 and IL-1a as well as KC (also known as Cxcl1 and Gro-a). In addition, we observed elevated LPS levels in the sera in dose dependent manner both for nonfractionated (Fig. 5A) and fractionated (Fig. 5B) TBI. Taken together, these data show a strong correlation of intensity of the lymphodepleting regimen and the release of proinflammatory cytokines, the ratio of tumor-reactive T cells toward endogenous inhibitory cells and most importantly the tumor treatment efficacy. The best tumor treatment was observed after the use of the highest intensity lymphodepleting regimens.
DISCUSSION
Immunotherapies using the adoptive transfer of tumor-specific T cells have shown considerable efficacy in the treatment of mouse and human tumors, especially when given after TBI-based preparative regimens.
1,2 However, the relationship of the intensity of TBI and tumor treatment efficacy has not been systematically studied. We have previously reported that nonmyeloablative lymphodepletion with 5 Gy TBI before transfer of tumor-reactive T cells significantly improves treatment outcome in mice; however, vaccination with an altered-self ligand-based vaccine was still absolutely required to mediate robust tumor + T cells relative to returning host cells as a function of TBI dose. Flow cytometry data were analyzed using a linear least squares regression analysis. Three individual mice per group were used to calculate the ratios of adoptively transferred Thy1.1 + pmel-1 CD8 + T cells toward returning host cells 6 days after ACT. Thy1.2 + host mice received a preparative regimen with either (A) single-dose irradiation at the day of T cell transfer or (B) fractionated dose of irradiation divided into 6 equal doses given twice daily up to the amount indicated in the legend followed by the adoptive transfer of 1 Â 10 6 Thy1. . Six days after irradiation, sera of 3 mice were collected, pooled, and analyzed for inflammatory cytokines and chemokines. Shown are IL-6, IL-1a, and chemokine KC (Cxcl1). Microbial lipopolysaccharide was assessed using the limulus amebocyte lysate assay.
regression. 6 Surprisingly, vaccination was not required in the setting of a myeloabaltive conditioning regimen before ACT to achieve CD8 + T cell mediated tumor eradication. 1 The central finding of this previous work was that HSC in combination with HD-TBI-through a still unknown mechanism-activated adoptively transferred anti-tumor CD8 + T cells to a level sufficient to mediate tumor treatment.
Vaccine-independence is a critical feature in the translation of ACT based on tumor infiltrating lymphocytes (TILs) in humans, as vaccines for adoptively transferred polyclonal T cells are not usually available; especially as approximately 50% of tumor-reactive TILs have specificity against epitopes from unknown cancer antigens. In melanoma patients with advanced metastatic disease, lymphodepletion with a nonmyeloablative regimen before the transfer of TILs and IL-2 resulted in an objective response rate of 50% without the use of a vaccine. 30, 31 Increasing the nonmyeloablative conditioning regimen to a myeloablative regimen might increase tumor treatment capacity of TILs in patients and lead to more durable responses. Objective response rates in 18/25 patients with metastatic melanoma were recently observed. 2 However, it should be pointed out that this response rate was achieved using a selected group of patients. These patients were required to have a resectable lesion, good performance status, and evidence that T cells from their tumors could be grown to large numbers whereas retaining the tumorspecificity. Even in the case of these optimal tumortreatment conditions, the reasons why the best treatments can still fail in many patients are unknown. Treatment failures could be due to tumor heterogeneity in antigen expression, in the ability of tumors to process and present these target antigens, or on a failure of the type or specificity of the T cells used in immunotherapy. [32] [33] [34] [35] Current efforts in our laboratory are focused on improving the T cell culture conditions to optimize the state of differentiation or polarization of naturally occurring or genetically modified T cells. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] This study was confined to an analysis of the impact of increasing TBI on pmel-1 CD8 + T cells. Although we have previously found that 5 Gy TBI augments the function of TRP-1-specific CD4 + T cells 26 the impact of higher doses of TBI in that system have not yet been elucidated. Here, we studied the effects of TBI alone as a preparative regimen, rather than in combination with chemotherapy. The reason for this is that the mouse B16 melanoma is relatively resistant to the impact of irradiation; however unlike its human melanoma counterparts, B16 is exquisitely sensitive to cyclophosphamide and fludarabine, the 2 drugs most commonly used in current protocols for lymphodepletion in man. 2 High doses of single-dose and fractionated irradiation did show an impact on the tumor-growth even in the absence of ACT (Fig. 1) . A more pronounced effect of irradiation on the nontreatment groups was seen in those receiving fractionated irradiation (Fig. 1B) . This might be because the fractionated regimen started 3 days earlier than for single-dose irradiated animals. Thus, tumors were slightly smaller at the time fractionated TBI was started thus potentially more susceptible to growth reduction through irradiation. It is likely that some of the tumor treatment effect seen in maximally irradiated animals is a direct impact of irradiation on the tumor growth. Apoptosis of tumor cells triggered by HD-TBI might also lead to inflammation and stimulation from the endogenous reconstituting immune response. 47 Great efforts have been made in the HSC transplantation field to establish reduced-intensity lymphodepleting conditions, which show diminished toxicity and still result in effective transplant engraftment. In the allogeneic setting, establishing the optimal dose for the lymphodepleting regimen is determined by the minimal intensity of lymphodepletion that will eventually result in 100% chimerism. In some cases however, this allogeneic immune mechanism may not be sufficient and significant cytoreduction is required. 48 In the setting of advanced solid-tumors, such as melanomas, conditioning is aimed at transiently eliminating host regulatory elements and increasing signals that activate ex vivo-generated tumor-specific lymphocytes. The maturation and activation of CD8 + T cells must occur during this relatively short period of lymphopenia. 49 Here, we show that optimal tumor treatment is reached with the HD-TBI and that reducing the intensity leads to considerable loss in tumor treatment capacity of transferred tumor-reactive T cells. Although the spectrum and the intensity of toxicities in myeloablated patients who received syngeneic cell transplant seem to be less severe than in patients who received an allogeneic stem-cell transplant, 2,16 these findings require a careful clinical analysis of the risks of high-dose TBI with the benefits of improved tumor treatment outcome. For the future, the implementation of less toxic lymphodepleting methods such as selective antibody depletion used in combination with immunomodulatory substances such as toll-like receptor agonists might be fruitful for the enhancement of ACT. 50, 51 
